Introduction
Carbonyl compounds exhibit exceptional utility in organic chemistry, and have been described as "virtually the back-bone of organic synthesis. " The "forces" of carbonyl compounds will be with synthetic chemists until organic synthesis finishes its role.
As a practical method of obtaining carbonyl compounds, oxidation of alcohols is the most straightforward, and, therefore, numerous reagents and methods have been developed to enrich the chemist's toolbox: the history of alcohol oxidation reflects the-state-of-art of organic synthesis.2 What is the current situation of contemporary organic synthesis? Alcohol oxidation, particularly on a large-scale, often suffers from problems inherent to oxidations: toxic, harmful reagents are required; rather harsh conditions are required. In addition, the recent global demand for attenuating environmental stresses has motivated chemists to develop ecologically sustainable methods.a These situations synergistically spurred research activities directed towards the development of greener methods for alcohol oxidation. Since the inceptions of nitroxyl radicals as useful precursors of the excellent oxidants, oxoammonium ions, a stable class of organo-nitroxyl radicals, as exemplified by 2,2,6,6-tetramethylpiperidyl-l-oxyl [TEMPO (1) ] have seen expanding use in oxidative synthetic transformations.
Among the reported nitroxyl radicals, the commercially available TEMPO and its derivatives have enjoyed a monopoly as the reagents of choice for the expansion of their further use.6 Since the TEMPO radical undergoes reversible redox interconversions between oxoammonium ion and hydroxyl amine (Scheme 1), which is the origin of its activity as a redox catalyst, and since methods using nitroxyl radicals as a catalytic precursor offer facile, mild, efficient, selective oxidation of alcohols, the TEMPO-catalyzed method has now become the method of choice for alcohol oxidation in bulk pharmaceutical synthesis.
The widely accepted mechanism of the TEMPO-catalyzed oxidation of alcohols is shown in Scheme 2. TEMPO (1) We envisioned that the reactive nature of the oxoammonium ion would be enhanced by (i) modifying the structural factors hosting the catalytic site,9 and/or, (ii) modulating the reactive nature by altering the counter ion X-associated with oxoammonium ion A10 (Scheme 2). One of the most outstanding features of TEMPO-based alcohol oxidation is its capability of conducting the selective oxidation of primary alcohols in the presence of secondary alcohols.
The rationale behind such a feature is its reaction mechanism and the catalyst structure it uses, where four methyl groups flanking the nearby catalytic center play key roles in preventing bulky substrates from forming the key intermediate B, which collapses to a carbonyl compound and the hydroxylamine C7 (Scheme 2). This scheme also explains why TEMPO is inefficient in the oxidation of structurally hindered secondary alcohols, posing a problem in the oxidation of alcohols.
We envisaged that the use of a structurally less-hindered oxoammonium ion, namely 2-azaadamantane N-oxoammonium ion (AZADO+; 2+), which should be obtainable from 2-azaadamantane N-oxyl (AZADO; 2), would solve this problem and expand the scope of the oxidation of alcohols.
AZADO (2) was first synthesized in 1975 by Dupeyre and Rassat as a result of their interest in its physical properties as a stable radical. However, no study has been performed to examine its ability as an oxidation catalyst. Thus, significant challenges remain to explore and exploit the synthetic use of AZADOs.
At the outset, we prepared AZADO (2) as described in the literature 13 to clarify whether 2 gives an oxoammonium ion (2+) sufficiently robust to conduct alcohol oxidations.
Unfortunately, we encountered a problem in terms of reproducibility in the crucial step for constructing azaadamantane 6 (Scheme 4).9
After considerable experimentation, we developed a 8-step synthetic route for AZADO (2) form the diketone 5 (Scheme 5) and a 5-step synthetic route for 1-Me-AZADO (17) starting from the ketone 4 (Scheme 6).9
In a preliminary experiment, we found that AZADO (2) as well as 1-Me-AZADO (17) exhibited superior catalytic activities to TEMPO (1); interestingly, 2 and 17 show similar catalytic efficiencies under the standard oxidation conditions developed by Anelli et a/.6 ' (data not shown). Considering its synthetic advantage, I-Me-AZADO (17) was chosen for further investigation.
As shown in Tables 1 and 2 , I-Me-AZADO (17) has high catalytic efficiency under low catalytic loading conditions. 14.15
Note that 1 mol(Yo I-Me-AZADO is sufficient for obtaining high yield in the preparation of ketones from a variety of secondary alcohols for which TEMPO results in low yield (Table 3 , entries 1-10),9 and that I,2:4,5-di-O-isopropylidene-/3-D-fructopyranose is also efficiently oxidized on a 20 gram scale to give Shi's catalyst in 90%, yield. 15.11 Unfortunately, 1-Me-AZADO does not efficiently oxidize a substrate containine an amine functionality (entry 11).
SAR of AZADOs
To gain insight into the origin of the remarked catalytic efficiency of AZADO-derived oxoammonium ions, we synthesized 1,3-diMe-AZADO (25)9 (Scheme 7) and examined its catalytic efficiency.
1,3-DiMe-AZADO (25) We believe that AZADO (2) and 1-Me-AZADO (17) will find complementary use with TEMPO-based methods in the oxidation of a variety of primary and secondary alcohols. The oxidation of primary alcohols to the corresponding carboxylic acids (category iii, Scheme 3) is also a fundamental transformation in organic chemistry.2 The straightforward appearance of this transformation, consisting of simple, two-step oxidations: primary alcohol to aldehyde, then aldehyde to carboxylic acid, has encouraged many organic chemists to develop efficient one-pot oxidations. As a result, a number of useful methods have been developed to date, i.e., Cr03/H2SO4,18 PDC/DMF,19 Cr03/H5106,20 RuCl3/H5106,21 RuCl3/K2S208,22 Na2WO4/H2O2,4a and PhIO/KBr.23 Unfortunately, the task often suffers from several drawbacks, such as Table 3   Table 4 limited substrate applicability, toxic and hazardous nature of reagents, and harsh conditions required. Considering the nitroxyl radical/oxoammonium ion-based method, useful extensions have been reported as exemplified by TEMPO/NaClO,6c 6a TEMPO/PhI(OAc)2-H2O,24 and TEMPO/NaC10/NaC1022$ systems. However, further improvement is still needed to address problems associated with chemoselectivity: electron-rich alkenes and aromatic rings are damaged underr the reaction conditions. If an oxoammonium ion requires an aldehyde to form the corresponding hydrate prior to oxidation, it was envisioned that the less-hindered 1-Me-AZADO+ (17+) would exhibit superior activity to TEMPO, and, therefore, would enhance chemoselectivity by shortening the reaction time during which substrates were exposed to oxidative conditions. Preliminary experiments employing the catalytic one-pot It is well recognized that tertiary allylic alcohols give rise to a characteristic oxidative rearrangement under certain conditions to furnish a-substituted a,/3-unsaturated ketones. Since the report in the mid-70s that PCC, PDC, and Collins reagent cause the one-pot allylic transposition-oxidation of a variety of tertiary allylic alcohols, oxochromium(Vl)-based reagents have been the reagents of choice and have played indispensable roles in organic synthesis (Scheme 9).262726 On the basis of speculation that the Cr=O motif plays a role in the rearrangement step,"' we focused our interest on the potential use of organic oxoammonium ions (R,R,N+=O)30 An exploratory experiment was started by screening the reactivity of readily available TEMPO-derived oxoammonium salts using I-phenylcyclohex-2-en-l-ol as the substrate (Table 7) .31 It was found that TEMPO+ species carrying bulky, poorly nucleophilic anions, such as BF4 la or SbF( lb, exhibit excellent reactivity to furnish 3-phenylcyclohex-2-en-l-one in 957 yield within 3 min at room temperature (entries 1, 2). On the other hand, [TEMPO+][Br3-] (lc) and [TEMPO+] [CI ] (ld) are completely ineffective in the same reaction (entries 3, 4). Typical TEMPO oxidation conditions using NaOCI, Phl(OAc)2, or Oxone as the bulk oxidant did not afford the product, although they are competent for generating oxoammonium species.
Experiments for probing the range of tertiary allylic alcohols that undergo oxidative transformation are summarized in Table 8 . The aryl-and alkyl-substituted six-membered substrates were smoothly converted to the corresponding transposed products in high yields (entries 1-3). For medium-sized to macrocyclic substrates, the reactions suffered from the generation of several by-products including dimeric ethers. We found that H2O addition in some cases greatly improves the productivity to allow spot-to-spot conversion in high yields (entries 4-7). We conjecture that H,O aids the reactions in part to proceed via the SN2' pathway (vide infra). The tricyclic substrate also effectively yielded the desired product (entry 8). The steroid afforded the secondary allylic alcohol in moderate yield due to considerable steric hindrance. Acyclic substrates also smoothly underwent oxidative rearrangement in high yield (entry 10). Unfortunately, the substrate did not yield the desired product; instead an ene-like adduct was obtained in moderate yield as the major product (entry 11).
Plausible reaction pathways are depicted in Scheme 10. Considering the steric and electronic effects of the anion, it is reasonable to expect that the oxoammonium salt carrying a bulkier counter anion, such as BF4 and SbF6 , should be more electrophilic, owing to the enhanced electrostatic potential, to allow formation of the crucial adduct i under equilibrium conditions. Once formed, i could facilely proceed to give a rearranged product iii either via allylic cation formation (path A) or concerted intramolecular rearrangement (path B), which has been proposed for PCC and IBX In the case in which H,O addition plays a productive role, we believe that mechanism C, where H,O attacks intermediate i in the SN2' mode, operates in part.
To probe the reactive nature of oxoammonium salts, we conducted intermolecular competition experiments with a tertiary allylic alcohol and benzyl alcohol (Scheme I I). On treatment with [TEMPO+] [Cl ] (ld), benzaldehyde was rapidly produced and the tertiary allylic alcohol was recovered (eq. 1). On the other hand, treatment with [TEMPO+] [SbF, I (lb) selectively converted the tertiary allylic alcohol into the corresponding P-substituted a,/3-unsaturated ketone (eq. 2). The treatment of the tertiary allylic alcohol with Id in the presence of an equimolar amount of AgBF4 afforded almost the same result as the reaction using lb (eq. 3).32
The observed chemoselectivity may be rationalized by Table 6   Table 7   Table 8 Scheme 9 considering the basicity of the counteranions. 
Conclusion
We have demonstrated the potential strategies for expanding the synthetic use of oxoammonium ions: (i) modifying the molecular framework of the oxoammonium ion, and (ii) enhancing the reactive nature by altering the counter ion. The newly developed methods offer (1) efficient oxidation of sterically crowded secondary alcohols to ketones; (2) facile, one-pot oxidation of primary alcohols to carboxylic acids; 
